Abstract. Using simplified benchmark models, representative of the behavior of real structures, a unified framework for quantification of elastic follow-up (EFU) in structures has been provided. Closed form analytical solutions for evaluation of elastic follow-up are presented for model structures. The impact of elastic follow-up on the relaxation i.e. the redistribution of residual stresses has been explored and hence its significance in the integrity assessment of structures in general and in classification of residual stresses in particular has been highlighted.
Introduction
The uncertainty surrounding two major issues related to the integrity assessment of structures has provoked the work presented in this paper. Firstly the treatment of residual stresses in structural integrity assessment procedures remains unclear. Secondly assessment of the integrity of real structures is based on experiments that use standard fracture test specimens at laboratory scale where the tests are performed under load controlled or displacement controlled conditions. In practice however, real structures normally operate under "mixed boundary conditions" and as such the standard fracture tests do not necessarily represent the behavior of those structures. The concept of elastic follow-up may be used to link the test data to the behaviour of the real structure.
The concept of EFU introduced by Robinson [1] in connection with creep stress relaxation was further developed by many researchers over the last few decades. The concept was extended to describe the impact of local plasticity and geometrical nonlinearities on the response of structures by Kasahara et. al. [2, 3] . Recently Aird et. al. [4] , Hadidi-Moud and Smith [5] and Smith et. al. [6] used benchmark model structures and performed experimental studies that illustrated the dependence of EFU on the relative stiffness of structural components. They explored the response of structure to service loads and illustrated the influence of EFU on the relaxation and /or redistribution of residual stresses.
The focus of the present work is to explore the elastic follow-up associated with various sources of local non-linear response within a structure and hence to raise the possibility of introducing a unified framework for quantification of EFU in structures that experience local nonlinear events under service loads. Firstly the definition of EFU as described in "Assessment Procedure for the High Temperature Response of Structures", R5 [7] in association with creep has been re-established and extended to a generalised description that accounts for plasticity and combined nonlinearities in structures. Then, using simple benchmark models closed form solutions that quantify EFU are derived for perfect plasticity, for hardening plasticity and for creep. The relationship between a real size structures and the benchmark models has been shown and a simple unified approach that may be seen as a whole structure approach to design is suggested. Finally the paper is closed by discussing how the proposed unified approach illustrates the role of a local nonlinear event within a structure and subsequently its impact on the overall response of the structure to the service loads.
Generalization of definition of elastic follow-up
The definition of elastic follow-up factor in R5 [7] has been generalized. The Elastic follow-up factor, Z in R5 is given by Eq. 1 and is graphically presented in Fig. 1 .a. The "initial" and "final" subscripts in this equation refer to the stress and strain before and after the structure experiences a nonlinear event. The term " E final σ " indicates a reference strain, i.e. the elastic strain equivalent to the final stress. The generalized definition of Z given by Eq. 1 together with the extended concept to combined nonlinearity is presented schematically in Fig. 1 (b) . 
Benchmark Model Structures
Three sets of uni-axially loaded multi-bar structures were used as benchmark models to explore the response of real structures. Each structure contains a component that behaves in a nonlinear fassion. The models considered in the study include bars in series, parallel and combined series / parallel assemblages as shown in Fig. 2 . a, b and c respectively. 
Closed Form EFU Solutions for Benchmark Model Structures
Elastic follow-up may be seen as a representative of a nonlinear event within the structure. This could be due to various sources on material nonlinearity such as plasticity, creep, geometrical nonlinearity, crack initiation, growth of a crack or any combination of such events. These events result in a localized softening response within the structure that interacts with -and is affected bythe surrounding elastic structure. Using the generalized description given in previous section, elastic follow-up has been evaluated for the benchmark models for cases where the nonlinear response is either perfect-plasticity, hardening plasticity or creep. For the series bars structure shown in Fig. 2 .a subjected to a far field displacement ∆ assuming that it is sufficient to cause perfect plasticity in component A whereas B remains elastic, the elastic follow-up factor Z is obtained by replacing the initial strain and the final strain and stress in Eq. (1):
Using a far field load, P applied to the parallel structure assuming perfect plasticity in bar A whereas bar B remains elastic, the same expression for EFU is obtained. Finally for the combined series and parallel multi-bar structure the elastic follow up factor, Z due to perfect plasticity in bar A can be derived as:
Hardening plasticity and creep as alternative sources of material nonlinearity were also considered. For the purpose of quantifying EFU due to creep in benchmark models the creep equations for bars A and B in the system were assumed as: For the series bars system it can be shown that the elastic follow-up factor due to creep is obtained from the following equation:
Assuming that bar B does not experience creep, i.e. b B =0, then the equation reduces to:
This result indicates that the elastic follow-up factor is independent of the creep law and is reflecting a purely geometrical effect. The EFU description obtained for parallel formation due to creep is in form of coupled equations as was the case when parallel bar model was considered to evaluate EFU due to plasticity. For these cases a reverse analysis approach may be used to estimate EFU. Finally for the case of the combined parallel and series formation it can be shown that, similar to the case of plasticity, the elastic follow up factor is obtained by multiplying the elastic follow-up descriptions of the contained series bars substructure by that of the parallel bars structure.
Although the expressions for Z in both the series and the parallel bar structures are apparently identical, it should be noted that the series bars are very different from the parallel bars in terms of the mechanism of load and displacement distribution between their structural components. The closed form description provided for EFU due to plasticity in series bars structure was based on the application of a fixed displacement to the structure. In a series formation the load transfers through the components so that essentially the same load is applied to both bars A and B. It is the applied displacement that distributes and the mechanism of its distribution depends on the relative stiffness, α. The EFU factor for this case is independent of the applied displacement as long as it is sufficient to introduce plasticity into bar A. Where the surrounding structure is stiffer than the "weak region" A, i.e. α>1, a bounding value Z=2.0 limits the level of EFU. For large α EFU tends to 1 and essentially represents displacement controlled conditions. In contrast assuming a very low stiffness in the surrounding structure (e.g. a long bar B) the relative stiffness would be small (α<<1) resulting in high estimates of EFU (Z→∞ as α→0). This represents the load controlled conditions. The dependence of EFU on α is shown in Fig. 3 . 
Results
The descriptions provided for EFU due to perfect plasticity and creep in series, parallel and combined bar structures all resulted in derivation of similar expressions in terms of relative structural stiffness. Fig. 3 suggests that regions represented by Z>10 and Z<1.1 (equally α<0.1 and α>10) may be considered as reasonable approximation for the extreme cases of load and displacement controlled conditions respectively. Previous work had highlighted the significant impact of elastic follow-up on the relaxation of residual stresses [4, 6] . The study of multi bar benchmark models has provided an insight into the cause and source of the elastic follow-up in structures. What introduces EFU is the fact that a region of the structure "softens" and the rest of structure responds to this "softening". It is the relative stiffness, α that specifies EFU under the applied boundary conditions. As noted, the relationship between Z and α shown in Fig. 3 illustrates the extreme cases of low and high EFU representing fully displacement controlled and fully load controlled loading situations respectively. Furthermore it indicates the rage of Z factors for which the structure experiences mixed boundary conditions Based on the analysis of results obtained for basic model structures considered in this study it becomes evident that the behavior of real size structures subjected to specified loading and boundary conditions is influenced by their elastic follow-up response. Idealization of actual structures to multi-bar model structures provides simple and yet practical means for the associated elastic follow-up to be evaluated.
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Discussion
The parametric study of simple multi-bar structure clearly demonstrated the dependence of stress/ strain response on the stiffness of its components. It was shown that high and low Z values represent load controlled and displacement controlled loading conditions respectively. Potentially, quantifying EFU may address two important questions related to the integrity assessment of structures. Firstly, how is it justified to translate the fracture data obtained from laboratory scale tests to the real-size structures? Secondly how significant is the influence of residual stresses on fracture in structures? Full scale tests -although often very expensive -are ultimately seen by many industries as the most reliable means to ensure the desired performance of structures under service loads. This is mainly due to the fact that standard fracture tests do not necessarily represent the loading conditions for the whole structure. Accurate estimation of EFU can resolve this issue. EFU indicates the proximity of loading conditions to either the "load controlled" or the "displacement controlled" loading and hence it can guide classification of stresses into primary and secondary for integrity assessment purposes. Specifically this would be very helpful where treatment of residual stresses and their contribution to the integrity assessment has to be decided.
Conclusions
1. Simple multiple bar structures subjected to uni-axial loading and/or displacement were used as benchmark models to provide closed form solutions for EFU associated with nonlinearity represented as creep, perfect plasticity or hardening plasticity. 2. The analogy between plasticity and creep was demonstrated; a generalized approach for quantification of EFU factor was developed. 3. The estimated Z based on this approach consistently predicted the extreme situations of pure displacement controlled and pure load controlled loading situations in real size structures. 4. A complete set of solutions of EFU in series, parallel and combined benchmark model structures was presented. 5. The similarity of the contribution of various local non-linear events at the sub-structural level on the overall response of structures suggested that it should be possible to introduce a unified framework for quantification of EFU. 6. It was argued that Such approach would help to address two major issues of integrity assessment, a) stress classification and b) translation of laboratory test data to real size structures 7. It was noted that the evaluation of EFU would be a significant milestone with extensive practical applications particularly if it could be estimated for structures containing defects.
